Crack-growth behavior in yttria-stabilized zirconia-based thermal barrier coatings (TBCs) is investigated through a cyclic thermal fatigue (CTF) test to understand TBCs' failure mechanisms. Initial cracks were introduced on the coatings' top surface and cross section using the micro-indentation technique. The results show that crack length in the surface-cracked TBCs grew parabolically with the number of cycles in the CTF test. Failure in the surface-cracked TBC was dependent on the initial crack length formed with different loading levels, suggesting the existence of a threshold surface crack length. For the cross section, the horizontal crack length increased in a similar manner as observed in the surface. By contrast, in the vertical direction, the crack did not grow very much with CTF testing. An analytical model is proposed to explain the experimentally-observed crack-growth behavior.
Introduction
Thermal barrier coatings (TBCs) are employed for the accommodation of the turbine-inlet temperature increase as well as protection of the hot components from severe operating conditions in gas turbine and jet engine systems [1] [2] [3] [4] . A typical TBC system includes a thermal insulating ceramic top coat, metallic bond coat, and thermally-grown oxide (TGO), which results from oxidation of metallic elements diffused from the bond coat [5] . Yttria-stabilized zirconia (YSZ) with 7-8 wt.% yttria is commonly used for top-coat material because of its excellent thermomechanical properties, such as low thermal conductivity, relatively high coefficient of thermal expansion (CTE), and mechanical properties of fracture toughness and hardness [6, 7] . In some cases, however, a bare metal substrate or metallic bond coat of rotational components is directly exposed to a flame when TBCs are delaminated or spalled because of crack propagation and coalescence during operation. This exposure can cause the fracture of rotational components as well as the other parts, which results in fatal problems. Some researchers have shown that the delamination of TBCs occurs just above the interface between the top coat and TGO layer [5, [8] [9] [10] . Khan et al. [10] evaluated the thermal durability of an air-plasma-sprayed (APS) TBC through a thermal cyclic exposure test, indicating that the 8YSZ-based TBC is delaminated within the top coat around the interface between the top coat and the TGO layer. Accordingly, the investigation of crack propagation and its coalescence is essential for understanding the failure mechanism of TBCs, predicting the lifetime performance of TBCs, and designing reliable TBCs.
During actual operation, the TBC system is placed in severe circumstances [11, 12] : (i) thermal stress from hot-gas exposure; (ii) mechanical stress caused by high-speed rotation; (iii) corrosive environment with Calcia-Magnesia-Alumina-Silica; (iv) erosion caused by direct flame and/or particles from outside; and (v) interaction through the diffusion between top and bond coats. Under these conditions, the failure of TBCs, especially plasma-sprayed TBCs, is explained by a complex mechanism with one or more combined phenomena [5, 11, [13] [14] [15] [16] [17] [18] [19] [20] [21] . (i) At the initial operation stage, the TGO layer is grown by oxidation of the bond coat. Further oxidation of the bond coat can be avoided owing to the uniformly grown TGO layer, which functions as a diffusion barrier. During thermal exposure, the TGO thickness increases with the undulating interface. As heating and cooling procedures continue; however, the TGO layer is cracked by interfacial stress resulting from CTE mismatch between the top and bond coats. Cracks can play a role in the oxygen path, so the bond coat suffers from further oxidation. (ii) As oxidation continues, Al is depleted and some other brittle oxides, such as chromia and spinel, can be formed by oxidation of Co, Ni, and Cr components around the TGO layer with volume change, which can cause crack nucleation and further oxidation, finally leading to TBC failure. On the other hand, (iii) high thermal stress, especially compressive stress in a hot area, is imposed on the surface of the coating during engine operation, and the surface area suffers deformation with stress relaxation. Then, a surface crack is initiated because of the tensile stress during cooling, resulting in delamination along the TBC to the bond coat interface.
Donohue et al. [22] suggested converting the energy release rate into toughness within dense vertically-cracked TBCs, indicating the positive impact of the segmented microstructure on long-crack toughness. The fracture toughness of plasma-sprayed TBC was investigated according to the aspects of processing, microstructure, and thermal aging [23] . Recently, there are extensive experimental work and analytical calculations on more complicated TBCs, such as multilayered structure [24] [25] [26] , solution precursor plasma spray coating [27] , and suspension plasma spray coating [28, 29] . Their crack initiation and propagation under a thermal cyclic environment were investigated with analysis of mechanical and thermal properties.
In this study, crack-growth behavior just above the TGO layer was observed to understand the failure mechanism of TBCs. An initial crack was formed (i) on the TBC surface to simulate damage due to extrinsic factors (e.g., erosion or foreign object debris (FOD)) and (ii) within the top coat just above the interface between the top and bond coats in the cross section, which simulates the cracking initiation site due to bond coat oxidation and TGO growth in a typical APS coating. The crack growth behavior was investigated and described in detail through cyclic thermal fatigue (CTF) tests. An analytical model was employed to predict the residual stress distribution and fatigue crack-growth behavior. The results and analysis of this study can be helpful for further understanding of the TBC failure mechanism, resulting in the development of reliable TBC systems.
Experimental Procedure

Sample Preparation
In this study, typical 8YSZ TBC systems were prepared using commercial feedstock powders. The Ni-based superalloy (Nimonic 263, ThyssenKrupp VDM, Essen, Germany; nominal composition of Ni-20Cr-20Co-5.9Mo-0.5Al-2.1Ti-0.4Mn-0.3Si-0.06C, in wt.%) was used as a substrate in the shape of a disk and dimensions of 25 mm in diameter and 5 mm in thickness. Sandblasting using Al 2 O 3 powder (particle size ≈ 420 µm) was performed before the deposition of the bond coat. A bond coat with a thickness of about 300 µm was formed on the substrate by the APS method, using AMDRY 9625 (Sulzer Metco Holding AG, Winterthur, Switzerland, the nominal composition of Ni-22Cr-10Al-1.0Y in wt.% and particle size 45-75 µm). After creating the bond coat, the top coat was deposited by the APS method with a thickness of about 600 µm, using METCO 204 C-NS (Sulzer Metco Holding AG, Switzerland, 8Y 2 O 3 -ZrO 2 ) and particle size of 45-125 µm. The fabrication parameters employed for the bond and top coats were recommended by the manufacturer; see Table 1 . 
Crack Formation and Observation
To create the initial cracks on the surface, the selected TBC samples before crack formation were polished using silicon carbide paper and fine polished with a 1 µm diamond paste. On the other hand, the selected TBC samples for the cross-sectional cracks were sectioned and given a final polish with a 1 µm diamond paste. The initial surface crack was generated in the center of the polished top coat surface, while the cross-sectional crack was generated above the interface of top and bond coats within 100 µm. A micro-indenter (HM-114, Mitutoyo Corp., Kawasaki City, Japan) with a Vickers tip was used for the formation of cracks through the indentation load with loading levels of 30 and 50 N for the surface, but only 30 N of load was employed on the cross section because of the formation of large imprints (>100 µm).
CTF tests were performed for both the surface and cross-sectional-cracked TBCs to impose thermal fatigue conditions and observe the growth behavior of the induced cracks. The TBC samples were held in the furnace with a dwell time of 40 min at a temperature of 1121 • C and then naturally cooled for 20 min in air. The CTF tests were performed up to 640 cycles and the criterion of delamination was defined as about 25% spallation of the top coat. At least five specimens were tested for each crack formation condition, and each specimen had only one imprint to avoid interrelation of stresses and/or cracks between the imprints in different locations. The microstructure was observed by scanning electron microscope (SEM, JEOL Model JSM-5610, Tokyo, Japan) to investigate the crack-growth behavior. The samples after 10, 20, 40, 80, 160, and 320 cycles in the CTF tests were cleaned to observe the microstructure around the induced cracks and to measure the crack length grown after the CTF tests. The crack length was measured from the center of the indentation imprints. The surface crack length was measured regardless of the direction, while vertical and horizontal cracks were measured on the cross section.
Modeling of Residual Stress and Crack-Growth Behavior in TBC Samples
In cyclic thermal exposure environments, thermally-induced residual stress forms in the TBC multilayers because of differential coefficients of thermal expansion in each layer [30, 31] . In this work, a linear elastic analytical model was employed to understand the residual stress distribution and resultant cracking phenomena, as in [30] [31] [32] [33] . In the model, the interface between the substrate and the bond coat was defined as the origin line, where z = 0. The distance from layer i to the substrate was defined as h i [32, 34, 35] . The thermal residual stress in the substrate and the i th coating layer, which is related to the misfit strain ε i and bending curvature K, can be expressed as [32, 33] :
where E s and E i are Young's moduli of the substrate and i th coating layer, respectively. δ is the distance from the bending axis, where the bending strain is zero. ε i , ε s , δ, and K can be individually expressed as [33] :
where α is the CTE, k is the coating layers range from 1 to n, and t i is the thickness of the i th layer.
Results
Crack Initiation
The images around the indentation imprints formed by different loading levels on the surface of the TBC are shown in Figure 1 . Figure 1A ,B is imprints generated by loading levels of 30 and 50 N, respectively, and the white arrows indicate induced cracks. Crack formation initiated from the center of the rhombus through the angular points and edges regardless of direction, and showed larger rhombus-shaped imprints as well as longer crack length in the indentation load of 50 N, compared to 30 N. The as-coated microstructure image and the induced cracks on the cross-sectional area are shown in Figure 2 . The typical APS-coated microstructure was observed with some defects like pores and splat boundaries. The red-dotted line designates the interface between the top and bond coats, suggesting the imprint was formed just above the interface. The high-resolution back-scattering emission mode image of the white-dotted box from the normal SEM image of Figure 2B is shown in Figure 2C . The horizontal crack that was parallel to the interface was evidently formed longer than that in the vertical direction. Figure 3 shows the initial crack lengths before the CTF test with the indented position, loading level, and crack direction. The surface crack length with different loads of 30 and 50 N were 101 ± 17 and 121 ± 30 µm, respectively. On the other hand, the cross-sectional crack lengths induced by 30 N were noticeably different depending on the direction. The vertical crack length was 50 ± 10 µm, while the horizontal crack length was 153 ± 7 µm, which was larger than the 50 N loaded on the surface. where Es and Ei are Young's moduli of the substrate and ith coating layer, respectively. δ is the distance from the bending axis, where the bending strain is zero. εi, εs, δ, and K can be individually expressed as [33] :
where α is the CTE, k is the coating layers range from 1 to n, and ti is the thickness of the ith layer.
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Crack Initiation
The images around the indentation imprints formed by different loading levels on the surface of the TBC are shown in Figure 1 . Figure 1A ,B is imprints generated by loading levels of 30 and 50 N, respectively, and the white arrows indicate induced cracks. Crack formation initiated from the center of the rhombus through the angular points and edges regardless of direction, and showed larger rhombus-shaped imprints as well as longer crack length in the indentation load of 50 N, compared to 30 N. The as-coated microstructure image and the induced cracks on the cross-sectional area are shown in Figure 2 . The typical APS-coated microstructure was observed with some defects like pores and splat boundaries. The red-dotted line designates the interface between the top and bond coats, suggesting the imprint was formed just above the interface. The high-resolution back-scattering emission mode image of the white-dotted box from the normal SEM image of Figure 2B is shown in Figure 2C . The horizontal crack that was parallel to the interface was evidently formed longer than that in the vertical direction. Figure 3 shows the initial crack lengths before the CTF test with the indented position, loading level, and crack direction. The surface crack length with different loads of 30 and 50 N were 101 ± 17 and 121 ± 30 μm, respectively. On the other hand, the cross-sectional crack lengths induced by 30 N were noticeably different depending on the direction. The vertical crack length was 50 ± 10 μm, while the horizontal crack length was 153 ± 7 μm, which was larger than the 50 N loaded on the surface. Figure 3 shows the initial crack lengths before the CTF test with the indented position, loading level, and crack direction. The surface crack length with different loads of 30 and 50 N were 101 ± 17 and 121 ± 30 μm, respectively. On the other hand, the cross-sectional crack lengths induced by 30 N were noticeably different depending on the direction. The vertical crack length was 50 ± 10 μm, while the horizontal crack length was 153 ± 7 μm, which was larger than the 50 N loaded on the surface. 
Crack Propagation
Crack coalescence and increase of crack dimension due to the damage accumulation from thermal stress were detected during CTF tests, as shown in Figures 4 and 5, respectively, which were observed after 320 cycles. The crack length formed on the surface was increased through their linkage, and microstructural degradation was observed, including defects such as pores and small cracks. At the same time, the dimension of the surface crack was increased during the CTF tests about 20-100 µm, showing degraded surface microstructure.
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Crack Growth to Failure
The crack-growth behavior on the surface is shown in Figures 7 and 8 with cycle during CTF tests. The crack lengths were measured through SEM images after 10, 20, 40, 80, 160, and 320 cycles. The dotted and solid curves are empirical data fits for each crack length grown during CTF tests for the initial cracks formed by 30 and 50 N, respectively. The vertical dotted and solid lines indicate the average failure cycle number in the CTF tests, respectively, indicating that the nominal numbers of cycles to failure for each TBC with cracks formed by 30 and 50 N were 593 and 460 cycles, respectively. The crack-growth behavior showed a similar trend with the number of cycles, independent of initial crack length. The nominal difference of crack length with applied load was changed from 20 μm in the initial stage to 50 μm after 320 cycles between 30 and 50 N, with linear slopes of 0.37 ± 0.16 and 0.41 ± 0.17, respectively. In the failure point, each of the computed crack lengths were about 189-392 and 244-381 μm for 30 and 50 N, respectively. 
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The dotted and solid curves are empirical data fits for the horizontal and vertical cracks, respectively, grown during the CTF tests. The dotted vertical line indicates average cycles for TBC failure in CTF tests, with 396 cycles. The nominal difference in the initial lengths between the horizontal and vertical cracks gap was about 100 µm with linear slopes of 0.15 ± 0.08 and 0.52 ± 0.21, respectively, and the gap was increased to about 180 µm after 320 cycles. Each crack length in the failure could be expected to be about 217-419 and 70-141 µm on the cross section for the horizontal and vertical cracks, respectively. On the other hand, comparable crack-growth behavior for the initial cracks formed by 30 N on the cross section is shown in Figure 8 , displaying longer crack lengths in the horizontal direction. The dotted and solid curves are empirical data fits for the horizontal and vertical cracks, respectively, grown during the CTF tests. The dotted vertical line indicates average cycles for TBC failure in CTF tests, with 396 cycles. The nominal difference in the initial lengths between the horizontal and vertical cracks gap was about 100 μm with linear slopes of 0.15 ± 0.08 and 0.52 ± 0.21, respectively, and the gap was increased to about 180 μm after 320 cycles. Each crack length in the failure could be expected to be about 217-419 and 70-141 μm on the cross section for the horizontal and vertical cracks, respectively.
Modeling of Residual Stress Distribution and Fatigue Crack-Growth Behavior
The calculated residual stress distribution in the TBC sample is shown in Figure 9 . As shown in the figure, in the top coat 8YSZ layer, there was extensive compressive residual stress, with maximum stress on the top coat interface. Similar to the results shown in Figures 7 and 8 , the crack lengths in decreasing order were 30 N in the horizontal direction of cross section > 50 N on surface > 30 N on surface > 30 N in the vertical direction of the cross section. 
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Discussion
Crack Initiation Behavior
Typical microstructures of YSZ-based APS-TBCs were observed on both the surface and cross section with some defects, such as pores, splat boundaries, and cracks, as shown in Figures 1 and 2 .
The cracks connected with the rhombus-shaped imprints suggest that the induced crack formation was initiated from the angular points as well as the edge of the imprints during the indentation loading procedure. Moreover, the embedded defects, such as pores, can obstruct the formation of the cracks, but cracks beyond the defects were occasionally observed in both cases. However, the cracks on the surface and cross section are induced by different mechanisms, as it can be seen from microstructural images. On the surface, the imprint size and crack length were determined by the loading level regardless of the direction. However, the direction of the crack is a crucial factor in determining the crack length in the cross section. The vertical crack length was less than half of the horizontal crack length, indicating that the vertical crack is more difficult to form than the horizontal crack in cross section. This is because of the intrinsic characteristics of the APS deposition method. During APS deposition, the instantaneously-melted feedstock powder is sprayed onto the substrate from the perpendicular direction of the interface, resulting in horizontal splat boundaries, which are an obstacle to the formation of the vertical cracks. Meanwhile, the horizontal cracks are formed more easily along the horizontal splat boundaries as intergranular cracks. Consequently, three-times-longer crack length and undulating shape were observed in the horizontal direction on the cross section, as shown in Figure 3 .
Basically, typical APS-TBCs contain some defects randomly, so a broad deviation of the initial crack length is observed in just one imprint. Moreover, a larger variation is obtained depending on the indented area, even when the same loading is imposed. However, on the cross section the crack lengths are almost identical regardless of the direction. In the case of surface cracks, the indentation load was imposed perpendicularly to the splat boundary surface. By contrast, the indentation load was parallel to the splat boundary surface on the cross section where in-plane tensile stress is included when the feedstock is cooled after splat [36] . This leads to a detachment of coatings through relatively easy crack growth in the horizontal direction during CTF tests.
Crack-Growth Behavior
In the APS-TBC system, the crack propagation is continued through linkage and coalescence of microcracks and discontinuities due to damage evolution during temperature change [9, 37] . The surface crack-growth behavior was found to be similar regardless of the loading level. As shown in Figure 4 , the surface cracks were coalesced because of thermal stresses and propagated through existing defects, such as pores, splat boundaries, and small cracks. Macroscopically, the crack thickness was enlarged because of repeating thermal expansion and contraction, resulting in partial spalling on the surface with the lengthened and thickened cracks. On the other hand, the crack-growth behavior on the cross section depended on the direction to the interface, as shown in Figure 6 . Vertical cracks were almost never generated and grown up in the perpendicular direction to most of the splat boundaries, showing a slight increase in thickness. However, horizontal cracks grew through the linkage among existing splat boundaries and pores, which have stresses and low bonding energy, observed in the shape of undulations; this can be evidence of intergranular fracture [38] . In this study, the descriptive crack-growth behavior of conventional APS-TBCs was mainly investigated through thermal cycling tests. The crack-growth behavior based on the porosity and mechanical properties will be further studied as a future work.
Threshold Crack Length for Failure
The crack-growth behavior on the surface with the number of cycles in CTF tests was similar with loading level and direction, showing similar linear slope and calculated crack length ranges of 189-392 and 244-381 µm for 30 and 50 N at the failure point, respectively. On the other hand, the crack-growth behavior on the cross section was considerably different from that on the surface. As explained previously, the formation of vertical cracks was inhibited by the splat boundaries, while horizontal cracks were formed with relative ease. During CTF tests, the nominal difference of crack length starting at about 100 µm increased to about 180 µm after 320 cycles on the cross section, expecting calculated crack lengths of 70-141 and 217-419 µm for the vertical and horizontal cracks at the failure point, respectively. This is because of the originally imposed stresses during coating formation, paving a path along which cracks can grow more easily. Eventually, the threshold crack length can be considered as suggested above in cyclic thermal exposure conditions, especially in typical YSZ-based TBC systems. Thus, the probability of coating failure will be higher and coating reliability is reduced when cracks increase larger than the threshold crack length.
Even when the same load of 30 N was imposed on the surface and cross section, more rapid crack growth was observed in the horizontal crack on the cross section. This can be explained by the following argument. First, the inherent microstructure affects the crack propagation behavior, showing a kind of lamellar structure of splats. The other is thermal stresses during the CTF tests. During the CTF test, the stress is caused by CTE mismatch between the top and bond coats (CTEs of 8YSZ: 10.7 × 17.5 × 10 −6 K −1 , bond coat: 17.5 × 10 −6 K −1 ) [7, 39] . The surface cracks are positioned above the top coat with a thickness of 600 µm, while the cross-section cracks are located just above the interface between top and bond coats. Greater stresses are imposed on the horizontal crack of the cross section in the repeated heating and cooling, and the cracks on the surface suffer comparatively weak stresses.
Modeling of Residual Stress Distribution and Fatigue Crack-Growth Behavior
As shown in Figure 9 , higher residual tensile stress existed on the surface of the 8YSZ top coat than in the middle of the coating. This stress distribution explains the experimentally-observed crack length sequence in Figures 7 and 8 (i.e., 50 N on surface > 30 N on surface > 30 N in the vertical direction of the cross section). The crack length of 30 N in the horizontal direction of the cross-section case is higher than the above three cases; this is due to the unique splat microstructure formed in the APS process, which is not accounted for in the residual stress model. The residual stress model is isotropic and does not capture the anisotropic feature of TBCs. Tracking the crack-growth behavior within the isotropic dense microstructure shows clear observation rather than the anisotropic porous microstructure, due to the limited contents of defects in dense TBC, such as pores and splat boundaries [22] . TBCs can be reasonably approximated as transversely isotropic materials, where the properties are the same for all directions in the plane, such as along the coating surface, but different from the deposition direction. The horizontal direction in TBCs is the weakest because of splat and void formation during the APS process. This explains why the 30 N in the horizontal direction of the cross-section case has the highest crack-growth length among the four cases.
Conclusions
Cyclic thermal exposure tests were conducted for the TBCs with cracks induced by micro-indentation to investigate the crack-growth behavior of YSZ-based APS-TBCs as a function of initial crack position and length. The cracks on the surface grew in a similar trend independent of the loading level, while the cracks formed on the cross section showed a different growth behavior with respect to the direction to the interface between top and bond coats. Crack thickening and coalescence were observed together with crack growth during cyclic thermal exposure. The surface showed threshold crack lengths with ranges of 189-392 and 244-381 µm for the 30 and 50 N loads at the failure point, respectively, and the cross section with cracks formed by 30 N was 70-141 and 217-419 µm for the vertical and horizontal cracks, respectively. Therefore, failure criteria in the TBC systems can be proposed in view of crack length on both the surface and cross section. 
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